UCRL- 93732
PREPRINT

Electron-Ion Recombination in High Pressure Gases

Wm. Lowell Morgan

) To Be Published In ]
Joint Symposium on Swarm Studies and

Inelastic Electron - Molecule Collisions
ed. by
A. Chutjian, V. McKoy,
L.C. Pitchford, and S. Trajmar

November 20, 1985

This is a preprint of a paper intended for publication in a journal or proceedings. Since
changes may be made before publication, this preprint is made available with the un-
derstanding that it will not be cited or reproduced without the permission of the author.

CIRCULAT
“SUBJECT '0

T
IN 7“,‘,, ¢



DISCLAIMER

This docoment was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor the University
of California nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or useful-
ness of any information, apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference herein to any specific
commercial products, process, or service by trade name, trademark, manufacturer, or
otherwise, does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States Government or the University of California. The
views and opinions of authors expressed herein do not necessarily state or reflect
those of the United States Government or the University of California, and shall not
be used for advertising or product endorsement purposes.



ELECTRON-ION RECOMBINATION IN HIGH PRESSURE GASES

Wm. Lowell Morgan
Lawrence Livermore National Laboratory
and
Department of Applied Science
University of California at Davis-Livermore
Livermore, CA 94550

Abstract
This paper reviews recent experimental and theoretical

research on recombination of electrons and ions in
molecular gases at high pressure.

Introduction

Recombination of electrons and ions in low pressure
gases. has been reviewed extensively in the past (see, for
example Ref. 1). Theoretical treatments of the effects of
neutral gas pressure on recombination [2,3] preceded
experimental observation [4] of such effects. The process
being discussed here is neutral stabilized collisional
radiative recombination in which the recombining electron
loses energy in collisions (elastic or inelastic) with
atoms or molecules. The state of ionic recombination
theory through 1975 has been ably reviewed by Flannery
[5]. (Note that Bates [6] has very recently reviewed the
theory of ion-ion recombination, a process possessing much
of the same physics being discussed here). Since 1979
there has been a flurry of both experimental and
theoretical research on electron recombination in high
pressure molecular gases where inelastic electron-
molecular collisions serve to enhance recombination
rates. This research is the subject of this review.

Recombination at Moderate Pressures

Warman, Sennhauser, and Armstrong [7,8] have measured
electron recombination rate coefficients as functions of
pressure in a variety of molecular gases. The
recombination rates were obtained by microwave absorption
measurement of the decay of conductivity after pulse



W. L. MORGAN

ionization. Their measured values of o (cm3 s~1)
the total recombination rate coefficient, for CO,,
H70, and NH3 are shown in Fig. 1.
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Figure 1. Measured recombination rate coefficients for
electrons in molecular gases [7,8].

At pressures below that of the maximum rate coefficient

a increases linearly with pressure. This is the region
that is most difficult to describe theoretically. At high
pressures the rate of recombination is simply limited by
the rate at which electrons diffuse toward ioms. This
process, studied variously by Langevin, Harper, and Debye
in the older literature and discussed recently from a new
perspective by Bates [9,10], is described by the simple
relation,

ap= 4meu/e (1)

where 1 is the electron mobility and ¢ is the
dielectric constant.

Theory of recombination below the diffusion limit.
Warman, et al. [7] and Phelps [11] have proposed a model
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that is useful in estimating ¢ and in illuminating the
physics of the recombination process. Assuming that g =
ap + a3N where g is a two body dissociative
recombination rate and qq is a three body rate (N is

the gas density) they proposed writing

a3 = Crp (uy/N) (2)

This expression is based on similar formulae derived by
Massey and Burhop [12] (C = 41/3) in analogy to Thomson
ion-ion recombination theory {(see Refs. 5 and 6) and by
Pitaevskii [13] (C = 9m) from diffusion theory for
recombination in a monatomic gas. Here ry = 2e2/3KkT

is the Thomson radius. The experimentally measurable
parameter v,/N is the energy exchange collision
frequency [14] defined by

2
v /N=e_(E,N)(—E/Nl (3)
u EK - kT

where €g 1s the characteristic energy, which is

related to the mobility and the diffusion coefficient by
€g = e€D/y. The rate of energy exchange by electrons

is expressed in terms of this collision frequency by [14]

du

-1 = (/W) (eK - kT) N

Experimental values of D and py as functions of E/N are
available for many gases [15].

Fig. 2 [16] shows the predictions of eqn. (2) with the
Massey and Burhop and the Pitaevskii constants. Some
theoretical and measured values of g3 are also plotted
in Fig. 2. Additional theoretical values for the rare
gases based on the Bates and Khan theory [2] are given in
Ref. [22] . We see that the simple model expressed by
eqn. (3) yields the correct qualitative trend in g3 as
a function of transport coefficients. Considering the
simplicity of the model, the quantitative estimates of
a3 are reasonable. There are two major deficiencies
of this model. First, v,/N is sometimes a steep
function of eg so that o3 1s sensitive to the
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choice of gg. It is not even clear what the best

method of choosing ¢g is. Second, D and y are

defined for constant electric fields and steady state
conditions whereas the recombination process below the
diffusion limit involves strong fields and steep gradients.
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Figure 2. Three body recombination rate coefficients
versus energy exchange collision frequency. The
references to the points plotted are: X [2,3],@® [7], A
{17], ® [18], + [19], O [20}, * [21]. Reproduced with
permission [16].

Computer simulations of recombination. Computer
simulation, which has been very useful in the study of
ion-ion recombination (see Ref. [6] and the references
contained therein), has been applied to the modeling of
electron-ion recombination by Morgan and Bardsley [23] and
by Morgan [24,25]. Two types of simulation have been
used. First are Monte Carlo (MC) simulations [23,24] that
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compute the classical trajectories of electrons
approaching ions from afar until they either recombine or
escape. This is just the two body central force problem
plus elastic and inelastic collisions between electrons
and molecules. The second kind of simulation is molecular
dynamics (MD) [25]) in which 50 mutually interacting
electron-ion pairs are followed as a function of time. As
in MC elastic and inelastic collisions between electrons
and neutral molecules are included. The simultaneous
calculation of the motions of 100 charged particles allows
us to study the effects of collective interactions and
external fields on the recombination process. Details of
the simulation techniques are given in references [23-25].

Recombination in COp, CH,, NH3 and Hp0 has been
simulated by Monte Carlo. Results for electrons in CO,
are shown in Fig. 3. Two body dissociative recombination,
a curve crossing process,
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Figure 3. Recombination rate coefficients in CO,.

Points Wl and @ are the two body and three body
contributions to the total (&) calculated coefficient.
The points [J are the measured coefficients from Ref. [8].
The line -.-.- is the diffusion limited rate, ap.
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is simulated by putting an absorbing sphere around the
positive ion. The radius of the sphere is determined by
matching the computed rate coefficient at very low
pressure to a measured dissocilative recombination rate
coefficient. Three body recombination is said to have
occurred when the total energy of an electron in the
neighborhood of an ion falls below -12 kT. 1In Fig. 3 we
see that the computed total rate coefficient agrees well
with the measurements of Armstrong et al [8]. The two
body recombination is seen to be enhanced by pressure
effects, as has been postulated by Bates [26]. Collisions
reduce the speed of an electron approaching an ion making
it more likely to pass within the absorbing sphere and
dissociatively recombine. Three body recombination
dominates at higher pressures and eventually arap as

shown in Fig. 3. Similar results, in reasonable agreement
with experiment [7,8], are obtained for recombination in
NHq [23] and H50 [24].

The computer simulations demonstrate the importance of
energy exchange collisions in the recombination process,
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Figure 4., Computed total rate coefficient for
recombination of electrons and ions in a discharge as a
function of E/N for COp (0) and CH, (O). The
experimental results of Rev. {27] are denoted by the
symbol X.
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as was discussed above in the development of g«

(vy/N) (Eqn. 3). The MC calculations are, subject to
the availability of good quality cross sectional data,
quantitatively more accurate than Eqn. (3). There are
exceptions, however, as we will see below in the
discussion of recombination in CHy.

Littlewood, et al. [27,28] have measured recombination
rates in COy/Ny/He mixtures using a pulsed e-beam
sustained discharge [29]. Knowledge of the e-beam
ionization rate and the electron drift velocity along with
measurement of discharge current yields the recombination
rate. The measurements in CO, from Ref. [27] are
plotted along with MD results [25] in Fig. &4 where we see
excellent agreement.

Recombination at High Pressure: CHy

Recently Nakamura, Shinsaka, and Hatano [30] (NSH) have
measured the electron mobility and recombination rate
coefficient in gaseous, liquid, and solid methane. Pulse
radiolysis techniques [31] were used in the measurements.
We see the rate coefficients measured by NSH plotted in
Fig. 5 along with the MC calculations of Morgan [25]. For
all but the very highest demsities in the gas phase q is
much less than gy in both the measurements and the
calculations. Except near the critical point, the
calculations and the measurements disagree spectacularly.
The calculations show o to peak at about 2 x 1021
em 3, As pressure goes to zero the calculated g goes
to the measured two body rate [4] of 3.9 x 10-6
cm3/sec. 1In the process of modeling an e-beam
controlled discharge switch Kline [32] has estimated the
recombination rate coefficient to be about 2 x 1070
cm3/sec for E/N values of a few Td. This estimate
agrees with the MD calculation of o for CHy in an
electric field as shown in Fig. 4.

At this point the reason for the great quantitative and
qualitative difference between the measured and the
calculated recombination rates 1s unknown. There are some
possible theoretical causes. Examination of the static
structure factor, S(k = 0), for CH, [23] shows that
structure effects (significant pair correlations set in at
densities of several times 102! cm™3. 1In addition, as
Braglia and Dallacasa [34] have discussed, uncertainties
in cross sectional data and high density effects conspire
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Figure 5. Recombination rate coefficients for electrons in
methane. The points denoted by the symbol W are computed
[25]. All the other points are measurements of Nakamura,
et al. [30]. The gas phase measurements were performed at
four temperatures ranging from 193 K to 295 K.

to make electron drift velocity quantitatively and
qualitatively incorrect at densities as low as several
times 1020 cm™3. As the recent literature [35] on the
subject demonstrates, the magnitude and energy dependence
of the elastic cross section at low energy (especially
near the Ramsauer minimum) 1s still very uncertain despite
the numerous measurements of it dating back to 1925!
There are enough theoretical uncertainties at these
densities for us to be unable to state whether the
difficulty is either experimental or theoretical. As a
final note, unlike the situation with gas phase methane,
recent MD simulations modeling recombination in liquid
CH, [36] are in excellent agreement with the NSH
measurements.,

Summary

We see from the examples of COp, NH3, and H90
that the recombination process is reasonably well
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understood and modelable at low to moderate pressures.
as is enhanced by inelastic collisions with the

neutral molecules. aj and g3 are competitive with

a3 becoming dominant as pressure increases. At very
high pressure, as we see with CH,, structure effects and
probably clustering (which also affect tranmsport
coefficients) make quantitative modeling difficult.
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